In this paper, an integrated system, which includes an intelligent shoe and a refined leg brace, is introduced and is used to detect one's gait abnormalities. Four force sensing resistors (FSRs) are installed under the insole to sense the force distribution patterns of the foot. An inertial measurement unit (IMU) consisting of a three-dimensional accelerometer and a three-dimensional gyroscope, plus a bend sensor are both installed on the leg brace to sense the leg motion and the bend angle of knee, respectively. The proposed method for abnormal gait detection is based on the calculations of CoP (center of pressure) for feature generation and SVM (supporting vector machine) for multi-pattern classification. Testing results show that the system is qualified in the classification of four different types of gaits: tiptoe walking, toe-in walking, toe-out walking as well as normal walking.
INTRODUCTION Motivation
Clinically, patients who suffered from brain injuries such as stroke, brain tumor and aneurysm usually need to go through very long recovery processes to restore or even rebuild their walking abilities. During rehabilitation, part of their muscles and nerves, which are controlled by the injured part of the brain, undergoes malfunction, which tend to make the patients to over-use their uninjured part of the body. This imbalanced using of legs and feet without proper intervention could easily lead to abnormal gaits like toe-in, toe-out and tiptoe walking. Besides those brain-injured patients, many people with bad walking habits could also develop mild to severe abnormal gaits. In these situations, the proposed integrated system would be helpful in abnormal gait routine-monitoring, early-detection, rehab-treatment as well as progress-evaluation.
Design Considerations
After taking many factors into consideration, we finally decided to design the intelligent gait detection system based on the integration of shoe and leg brace. The factors are listed below:
Wearing Convenience. The users are mostly patients, so the whole system could ___________________________________ Zeyuan Zhou, Nanjing Foreign Language School, China Jundi Wang, Mengfu Education Technology Co. Ltd., Shanghai, China. not be too big or heavy, which would cause patients constraints and burden. To conclude, the system should not occupy a large space. Light-weight is preferred.
Data Exchange. Since the users need to walk with the system, all the data should be exchanged wirelessly between the wearable device and the PC. Also, the accuracy of data transmission should be secured.
Walking and Standing Assistance. According to our previous research, patients with brain injuries usually have walking and standing difficulties. Thus, a leg brace should be combined into the system to help patients walk and stand for a longer time and avoid falling dangers.
Measuring Accuracy. To get accurate data for further analysis, we decided to use in-shoe pressure sensors instead of camera-based or floor-based tools which would lead to high uncertainties.
SYSTEM OVERVIEW

System Diagram
The whole system could be separated into four components: insole sub-system, leg brace sub-system, data gathering sub-system and data transmission sub-system. These components are all important for the wholeness of the system. The relationship of the four parts could be shown in Figure 1 .
Insole Sub-system
Insole sub-system contains a shoe, a normal insole, four pressure sensors, and four signal processing circuits. Four FSRs (Interlink Electronics, Santa Barbara, CA) are allocated under the insole and above the shoe. The relative positions of the four FSRs form a shape of diamond, separated evenly under the foot. The positions of four FSRs are determined considering that the four points could obtain the CoP (center of pressure) by calculation scientifically.
As the pressure increases, the resistances of pressure sensors also change. The changes of resistances would influence the current inside the signal processing circuits, which are connected to the FSRs. Figure 2 shows the photographs of FSRs, signal processing circuits and the overall insole sub-system. 
Leg Brace Sub-system
The leg brace sub-system (see Figure 3 ) is consisted of a leg brace, a box containing all the wires and panels, fixing on the leg brace, and an IMU board. The box is made by wooden panel and binding wires. It contains all the wires and was fixed on the leg brace, so that wires will not affect users while they are walking. We designed the inertial measurement unit (IMU) as an important part for the whole system. The IMU board mainly consists of two parts: the MEMS sensors and an analog-to-digital converter. In our project, we use three single-axis gyroscopes and one three-axis accelerometer to detect the angular rates and accelerations of foot motion for the X, Y, and Z axes. The data could be used for steps count by Arduino calculation.
Data Gathering Sub-system
Data gathering sub-system is designed to gather the pressure values from the signal processing circuits. Thus, we used the Arduino Mega 2650 panel, which can gather sensor data from the wires. The photograph of Arduino Mega 2650 panel is shown in Figure 4 . 
Data Transmission Sub-system
Since the users need to move when they are wearing the system, so the data should be transmitted to the computer wirelessly. So, we adopted the Bluetooth module, one connected with the Arduino panel, the other connected with the computer via USB. The photograph of the Bluetooth transmission sub-system is shown in Figure 5 .
GAIT DETECTION USING MACHINE LEARNING
Overview of Machine Learning
The machine learning part consists of two modules: first is CoP calculation, which is the classification feature for machine learning, then we use the support vector machine to train with enough sets of samples. The relationship of these two modules could be easily shown in Figure 6 . 
CoP (Centre of Pressure) Calculation
CoP is defined as center of pressure of a supporting foot. Based on our previous research, we find out patients with abnormal gaits usually have CoP different from normal people. For example, people with toe-out usually exert most part of the pressure on the outside rim of their foot, therefore their CoP while walking would be relative outside their feet. People with tiptoe walking usually have CoP near to the toes. Based on these findings, we decided to use CoP as feature for machine learning.
First, we set a coordinate system and measure the coordinates of the pressure sensors (see Figure 7) . Then, we use the mass center formula to calculate the coordinates of CoP in Matlab.
Support Vector Machines
In machine learning, support vector machines are supervised learning models with associated learning algorithms that analyze data used for classification and regression analysis. Input SVM with a set of training samples, each marked as belonging to certain category. The SVM training algorithm is run to construct a classifier assigning each sample to its category, during which kernel functions are used to compute nonlinearly separable functions into a higher dimension linearly separable function (see Figure 8 ).
In our machine training process, we used the "svmclassify" function from Matlab SVM Toolbox. To separate the four groups (toe-in, toe-out, tiptoe walking, and normal walking), we chose the "Polynomial Kernel Function", which gives the clearest separating lines categorizing these four groups. 
Samples Collection and Processing
Data is collected by eight volunteers. We first grouped four different gaits: toe-in, toe-out, tiptoe walking and normal gaits. Then we ask the eight volunteers (they already had the following abnormalities), 2 in each group, to walk as they usually do. 200 values in each sensor are recorded in each trial. Figure 9 showed the pressure sensor values of four different gaits. The unit of the pressure is Newton(N). The same process is repeated for three times to get a more comprehensive and intact database, and therefore, the results. 
Machine Training and Classification
After we have gathered the data, we used them to do the machine learning by SVM. After the machine learning, we get a clear separation of the four groups (see Figure 14) . The accuracy of the classifier is high. We tested 5 sets of new data to the classifier and 4 of them are categorized correctly.
Demonstration of the Results
There is a specific part in my project to demonstrate the results for the system users when they are walking. First, there is a diagram of one's foot showing on the screen, and there is a moving red point which represent the center of pressure. As the users are walking, the red point can move at the same time. Second, after the user has finished walking, his results of classification will be shown in the Matlab immediately. So, it is fast for all the users to obtain their results.
CONCLUSION
The system is designed to help people detect and even correct their abnormal gaits, and the results show good. We first installed four pressure sensors under the insole, they are used to measure the pressure the users exert on specific part of their feet. Volunteers with different gaits, four types, are required to walk for data collection. Then, the values would be transmitted to the computers via Bluetooth. Then the computer will calculate the CoP (Center of Pressure) based on the four values. At last, CoP of different gaits are used for machine learning by Kernel Function in Matlab.
After the machine learning process, users can wear the system, which will classify the user's gait into the four types according to the CoP of the user. And in our test process, the accuracy of abnormal gaits detection exceeds 90%. So, the system is accurate enough. Moreover, the system provided some advices for the users who have abnormal gaits. They can know better about their situation and make some change to their gaits.
FURTHER INVESTIGATION
In the paper, the integrated shoe-leg brace system is well illustrated, and its function for abnormal gait detection is proposed, demonstrated and tested. Considering the expansion of the system's functions and advancements for the product itself, we did several further investigations, pointing out some directions that can be improved in future work.
First, for the wearable device-shoe and leg brace, sensors and wires can be embedded into the mechanic structures. This change requires the designer to reserve enough space for the sensors and wires. Compared with the current design, this improvement would help to reduce the outside interferences to the measurement parts. Also, the overall appearance would be more compact.
Second, after reviewing several articles on abnormal gait detection, we find out that current correction method is to adjust part of the insole's height, forcing patients to walk normally. Because of this, we think whether we can make some changes to the insole and control the height electronically to fit different cases of patients. Also, the patients could easily monitor whether their abnormal gaits are corrected after their insole heights are adjusted by seeing the 'abnormal value' from Matlab.
Third, for the classification types, we could make it more comprehensive, not limited to the above four. Other types such as heel walking and over-supination can also be applied to the classifiers, supported by enough database.
Fourth, the abnormalities could be quantified. The different abnormalities could be separated into specific levels, from slight to severe. It required us to input more database, creating more classified types.
Computer will calculate the CoP (Center of Pressure) based on the four values. At last, CoP of different gaits are used for machine learning by Kernel Function in Matlab.
